ABSTRACT: This study addresses experimental detection and quantitative interrogation of damage in a jointed composite structure. To construct a cohesive structural health monitoring system for the jointed composite panel, the wave propagation method was used with smart piezoelectric transducers for excitation and sensing. The smart sensor system was configured using four piezo patches located at the four quadrants of the composite panel, and provided multiple actuation/sensing scenarios to capture time and frequency response signals for a variety of bolt damage configurations. Signal information was compressed into non-dimensional damage indices for each excitation configuration. The collected information was used in a pattern recognition algorithm. Based on pattern recognition, a damage discriminator was generated which indicated location and amount of damage information automatically. Using simulated bolt torque loss damage on the jointed composite structure, the damage detection performance of the damage discriminator was experimentally evaluated.
INTRODUCTION
T HE ability to continually monitor an engineering structure has been the motivation behind a great deal of interest in the structural health monitoring (SHM) arena. Research contributions across multidisciplinary engineering fields have proven functional in various operational applications. In particular, the aerospace field has concentrated a great deal of attention toward the development of SHM systems for applications in space, rotorcraft, commercial, and military aerospace structures (Hunt and Hebden, 2001; Gao et al., 2004; Discalea et al., 2006; Monnier, 2006; Zhao et al., 2007) .
So far, various damage detection techniques employing acoustic (Marantidis et al., 1994; Finlayson et al., 2001) , ultrasonic (Bostro¨m, 2003; Giugiutiu and Bao, 2004) , magnetic field (Saidha et al., 2003; Chen and Anjanappa, 2006) , eddy-current (Goldfine et al., 2002; Sodano, 2007) , thermal field (Jones and Galea, 2002) , or radiography (Doherty, 1987) methods have been introduced. Wave propagation techniques have shown high sensitivity to incipient forms of damage, though the use of these techniques is typically tailored to the structure and type of damage present. Data analysis and interpretation of the sensor signals play an important role in the development of an automated detection system. A classification system plays an important role in determining the location and amount of damage based on acquired sensor signals.
In this study, a classification system was developed for an automated SHM method and divided into three different levels (Rytter, 1993) : Level 1 is to detect presence of damage in a structure, Level 2 is to detect and localize damage, and Level 3 is to detect, localize, and quantify the severity of damage. In this study, the classification system was configured for damage detection of a jointed carbon/epoxy composite flat panel using piezoelectric transducers. This study utilizes wave propagation method and smart sensing in conjunction with spectrogram analysis as a damage detection device for a multi-part structure, which experienced damage due to bolted fastener. This study aims to develop a comprehensive damage diagnostic through five main steps:
(1) Apply a smart sensor array and utilize Lamb wave analysis techniques on a composite lap-joint assembly. (2) Compress signal information into a damage index (DI). (3) Attain Level 1 using DI pattern recognition.
(4) Attain Level 2 by exploiting DI trends. (5) Attain Level 3 with development of an automated rule-based discriminator to quantify damage severity (Raudys and Jain, 1991) .
JOINTED COMPOSITE STRUCTURE
The experimental configuration of the jointed composite panel is shown in Figure 1 . The experimental specimen was composed of four flat Hexcel IM7/8552 carbon/ epoxy composite pieces in an eight-layer [90/0/90/0] s lay-up. The joint was composed of 12 bolts and nuts, each tightened to 5 N m using a hand-torque wrench. The horizontal and vertical distances between each bolt were 2 00 . A bolt-numbering scheme started with Bolt 0 (simplified by B0) at the upper, right corner and progressed down the right side of the joint. Upon completed assembly, the jointed panel was 36 00 long and 12 00 wide. The panel was mounted on the left and right side to simulate a clampedfreeclampedfree boundary condition.
Square PZT-4 piezoelectric patches (0.25 00 Â 0.25 00 ) were bonded to composite panels 1 and 2 as shown in Figure 2 . On composite panel 1, the center of piezo patches 1 and 2 were placed 6 00 from the bolts on the left-hand side of the joint and 3 00 from the top and bottom edges of the experimental assembly. The piezo patches were oriented 6 00 from one another. Composite panels 3 and 4 were situated on composite panel 2 in a mirrored configuration.
For excitation of the jointed panel, a Gaussian cosine five-cycle tone burst (Ma and Fu, 2004 ) was used at six excitation frequencies: 20, 40, 60, 80, 100, and 120 kHz. Four experimental excitation configurations were used corresponding to the use of each piezo patch as an actuator with the remaining piezo patches used as sensors. The piezo patch used to excite the system was prefixed with 'E' and the remaining sensors were prefixed with 'S' in the nomenclature. The specimen was also divided into four quadrants corresponding to the numbered piezo patches. To simulate damage, a single bolt was loosened to a percentage of the total bolt torque (5 N m). The four damaged cases were implemented individually on Bolts 0, 1, 2, and 6.
In this study, a DI was used to identify, localize and quantify the damage present in the jointed composite system due to bolt torque loss. Initially, the sensor data using time domain were separated into undamaged and damaged cases. At each excitation frequency, x e , the time domain signal of the undamaged system, x u (t,x e ), and the time signal of the damaged system, x d (t,x e ) was used to calculate a time-based damage index, DI t . This DI (Sundaresan et al., 2002 ) is defined by:
Furthermore, the magnitude of the spectrogram of undamaged systems, w u (t, x e ), and the magnitude of the spectrogram of damaged systems, w d (t, x e ) was used to calculate a frequency-based damage index, DI f . This DI (Ihn and Chang, 2004 ) is defined by:
For improvement of the DI sensitivity, the time and frequency magnitude response indices are combined and normalized according to:
where:
As a note, for the E1 excitation case (piezo patch 1 used for excitation and piezo patches 2, 3, and 4 used for sensing), sensor response for piezo patch 1 (S1) was not presented. Thus, the S1 responses did not factor into Equation (4) calculations. An average damage index, DI a,i , at sensor i location is given by:
Case III : i ¼ 1, 2, 4
The total damage index, DI total , proposed in this study was separated into two categories that focus on the individual sensor location. For the sensor pair located across the joint from the exciter, a total damage index, DI total, across joint , is defined as:
In each configuration case, combining all sensor data into a single total damage index, DI total, all sensors , is defined as:
where,
Figure 3 presents the comparison of the total damage index, DI total , of the jointed composite panel with B0 torque loss. In this figure, the solid-diamond line stands for the total damage index using the sensor pair across the joint from the exciter calculated from Equation (7). 
Damage in a Jointed Composite Structure
The dashed-circle line stands for the total DI using all sensors calculated from Equation (8). In this case, we used the same time period of 1.6 ms for calculating the damage indices used in this study. As seen in this figure, the total DI using any sensor, regardless of sensor location relative to the exciter, shows a monotonic increase with bolt torque loss. However, the sensitivity of the total DI can be improved by using only the damage indices corresponding to sensors across the joint from the exciter. This is because when a sensor is located on the same panel as the exciter, the vast majority of the signal received by the sensor is the incident wave (i.e., direct feed forward of the excitation signal), which dominates the reflected signals from the damaged bolt. As a result, the DI measured at the sensor for the panel shared with the exciter becomes relatively insensitive to damage. However, when a sensor is located on the opposite panel to the exciter, the incident wave suffers a relatively larger loss, so that it is much less dominant over the reflected waves from the damage, because the excitation signal must pass through the composite joint panel area and bolt pattern. As a result, the DI at the sensor located on the opposite panel to the exciter is larger. Figure 4 presents the comparison of the average damage index, DI a,i , of the jointed composite panel due to B0 torque loss. As seen in this figure, the average DI is as follows:
As a rule of thumb, a higher DI indicates a higher likelihood of damage in a sensor's vicinity. The analysis and comparison of DI trends under each excitation case in Figure 4 implies that the damage due to torque loss is in the common area in-between sensors S1 and S3, within Quadrant 1 or Quadrant 3. Comparing the average damage indices of DI E1,S3 and DI E2,S3 with those of DI E3,S1 and DI E4,S1 , the results show:
DI E2, S3 4 DI E4, S1 : This relationship indicated a higher likelihood of damage in Quadrant 3 as compared to Quadrant 1. Note that when actuating in a damaged quadrant the resulting DI trends do not provide great insight toward precise damage localization. Actuating in quadrants far from the damage location, the resulting DI provides better insight toward damage localization.
The experimentation and analysis process was repeated for Bolts 1 and 2, yielding similar DI trends and the same estimated damaged area in Quadrant 3. Bolt 6 was tested in the same manner. Examining the DI trends for Bolt 6 torque loss indicated the highest likelihood of damage in Quadrant 2.
DAMAGE DISCRIMINATOR
Following the DI trend recognition outlined for Bolts 0, 1, 2, and 6, the DI was used as a key discrimination feature to build a rule-based discriminator in MATLAB to fulfill two main goals in a simple manner:
(1) Localize damage in the assembly's four quadrants.
(2) Quantify the damage due to bolt torque loss.
Damage Localization Algorithm
The damage discriminator proposed in this study is an expert-guided, rule-based series of if-statements that examine the DI values and rank a specified set of values. The main goal was to localize a damage site according to recognized DI trends. To distinguish between Quadrants 1 and 3 (top half of the composite panel, in-between sensors S1 and S3) and Quadrants 2 and 4 (bottom half of the composite panel, in-between sensors S2 and S4) the damage discriminator focuses on straight-across signals, as illustrated in Figure 5 . Figure 5(a) and (b) show the excitation/sensing path used to calculate DI E1,S3 and DI E3,S1 . The damage discriminator proposed in this study used these values to localize damage within Quadrant 1 or 3. Similarly, sensing information and DI values obtained from the experimental configurations in Figure 5 (c) and (d) were used by the discriminator to localize damage within Quadrants 2 and 4. As a simple rule, a higher DI represents a higher likelihood of damage present within the vicinity of active sensing. If the damage indices obtained from active sensing agents in Quadrants 1 and 3 are higher than those obtained from the signals in Quadrants 2 and 4, the damage is more likely to be present in Quadrant 1 or 3. Once the damage discriminator determines between which sensor pair the damage lies, the next goal was the discrimination between the left and right quadrant within the top or bottom half of the composite jointed panel. To discriminate between the left and right quadrant, the diagonally across signals provided insight. The excitation/sensing path of the diagonal excitation is shown in Figure 6 . Figure 6(a) and (c) show the wave path used to calculate, DI E2,S3 and DI E3,S2 . In addition, Figure 6 (b) and (d) show the wave path for DI E4,S1 and DI E1,S4 . The general rule still applies; a higher DI implies a greater probability of damage within the sensing vicinity.
A graphical method was used to more plainly display the results over all experimental damage scenarios. The DI grids for bolts in Quadrant 3 (Bolts 0, 1 and 2) and Quadrant 1 (Bolt 9, 10, and 11) were used to compile a plot over all torque loss values. Figure 7 shows DI E2,S3 damage index versus DI E4,S1 damage index in all six bolts within Quadrants 1 and 3 for all experimental damage scenarios: 100% torque loss (circle), 75% torque loss (square), 50% torque loss (triangle), and 25% torque loss (diamond) . The open markers represent DIs from Bolts 9, 10, 11 (Quadrant 1). The closed markers represent DIs taken from Bolts 0, 1, and 2 (Quadrant 3). The black 45 ray graphically represents the separation between areas where Quadrant 3 sensing information is smaller or greater than Quadrant 1 information; the area below the line will indicate Quadrant 3 DI is larger, the top area indicates 
The average coordinate location of the two separated groups is plotted as an 'X' and 'þ' and noted for each grouping. The successful geometric localization of damage within the composite assembly's four quadrants fulfilled the requirements for a Level 2 prediction method.
Damage Quantification Algorithm
To fulfill a Level 3 prediction method for SHM of the composite lap-joint assembly, an Euclidean distance classifier (Raudys and Jain, 1991; Raudys, 2001 ) was proposed. In the Euclidean distance classifier, the damage severity range is given by:
where d AÀB is the damage severity threshold between A% and B% torque loss groupings. DI E2, S3 and DI E4, S1 are the average values of DI E2,S3 and DI E4,S1 , respectively. We can determine the damage severity range by plotting 1/4th circle with the radius of d AÀB . In this study, this calculation was performed to find the center radius between 100% and 75% torque loss groupings, 75% and 50% torque loss groupings, and 50% and 25% torque loss groupings. Figure 8 shows the same plot of DI in Figure 7 with the damage severity threshold that separate damage levels due to torque loss. Note that, depending on more various torque loss testing data, the more threshold points of damage severity range can be determined.
To investigate the confidence of the damage discriminator proposed in this study, a series of validation experiments were performed. Multiple levels of damage were implemented on all six bolts within Quadrants 1 and 3. The validation run matrix is listed in Table 1 . Damage in a Jointed Composite Structure Figure 9 presents Quadrant 1 versus Quadrant 3 discriminator validation run results. All result markers were located on the correct side of the 45 threshold line, which verified the actual quadrant of damage. Additionally, most of the validation run results were located in the shaded band, which correctly corresponded to the torque loss level. One outlier existed with Run 8, which was the result of 25% torque loss in Bolt 2; this result was found in the 2550% torque loss prediction band. A potential reason for this was that 25% torque loss is relatively low. The damage estimation performance of the damage discriminator is summarized in Table 1 .
CONCLUSIONS
This article presents a methodology of compressing wave propagation based data into a damage discriminator approach for automated damage detection, localization, and quantification. Wave propagationbased damage detection was investigated due to high sensitivity to incipient forms of damage. The application of the technique was to a composite joint structural configuration using bolts as fasteners. To provide automated discrimination and distinction of DI results obtained from the four excitation configuration signal responses, a simple, rule-based damage discriminator was proposed and constructed. The damage discriminator exploited pattern recognition and feature selection techniques. The development of a graphical statistical model organized experimental results into prediction bands, which separated information according to damage location and quantification of bolt torque loss. The same model was able to display a threshold for damage due to torque loss within the composite jointed panel as compared to an undamaged scenario. The model was validated with additional experimentation with only a single outlier identified. It was shown that the damage discriminator proposed in this study can accurately detect most cases of torque loss damage. On the other hand, it should be noted that the method used in this study could identify the bolt damage location in terms of damaged quadrant because four sensors (or actuators) were used. If the numbers of sensors (or actuators) increase, the accuracy of damage localization may be improved. However, increasing the number of sensors leads to an increase in data acquisition requirements and processing devices, and complexity of this monitoring system.
The results presented here suggest the possibilities for successful extension of this method to applications where the composite jointed panel undergoes other damage scenarios, such as damage due to machined cracks, composite delamination, or added mass. Further, it is suggested that this diagnostic methodology may be applied equally effectively to both composite and isotropic materials. 
